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Abstract

Recent developments in the Virtual Reality (VR) have positively affected the way design and construction
parties understand, revise, and complete building projects. VR offers unique capabilities such as stepping
into a 3D model of the building during early design stages and maneuvering with interactive features in the
virtual environment. With these opportunities, designers, contractors, and owners can now share data and
make crucial decisions even before the model is implemented at the construction site. A variety of
applications and uses of VR are possible for contractors, yet the detailed analysis of key enablers and
challengers from general contractors’ (GC) perspective is missing. This study aims to perform a detailed
review of VR applications in the construction industry by conducting a multiple case study approach. Data
collection was performed on twenty-seven (27) case studies from eighteen (18) construction companies in
the U.S. to report the uses and benefits of VR in the construction industry from GCs’ perspective. Findings
revealed the main uses of VR as design reviews for clients and occupants, project coordination, monitoring
the construction process, and training. The greatest value of the VR technology was reported as decreasing
cost, optimizing schedules, streamlining the occupant-related decision process, and enhancing collaboration.
All companies have been using immersive VR technology, which showed their investment and commitment
to this emerging technology and its benefits in the construction industry. Future studies are planned to
compare applications of VR in academia vs. in construction industry to close the gap of knowledge between
educators and practitioners.
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1. Introduction in the industry before, placing user directly in the
model has presented the opportunity to acquire
information from experiences created in a sensory
system. Computer generated model (a.k.a. 3D
model) is used as a virtual environment, where
users interact with the building and collect sensory
input. Users feel to be actually and actively present
in the virtual environment at different stages of
construction instead of trying to imagine changes in
time phases [2]. With its future prediction

Virtual Reality (VR) has been an emerging
technology that is popular due to its capabilities
such as simulating complex systems and offering
improved visualization and high levels of
interactivity [1]. VR has been changing
construction industry by shifting the way
construction is performed using 3D modeling.
Although 2D and 3D models have been widely used
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capabilities and reflecting design alternatives in the
3D building model, owners and future occupants
can visualize the final stages of the building well
before construction is finished [3].

The uses of VR in architecture and construction
have widespread in different concentration areas.
The benefits of VR for designers and the
implications of designs on safety were found
apparent in a recent study [4]. The study brought
design professionals to a virtual construction site to
perform safety reviews. Results showed the
importance of consultation and dialogue with an
experienced construction professional through
virtual reality. Another study expanded the
improved visualization capabilities of VR by
linking the technology to field construction
planning [5]. The benefits of VR in different
construction phases such as design, construction,
and operation were highlighted in various studies in
relation to compatibility with other systems [6] and
collaboration [7]. With the abundance of studies
concentrating on the benefits of VR in design and
construction, one will need to look deeper to reveal
the enablers and challengers associated with VR for
contractors. This study aims to fulfill the gap of VR
analysis from a contractors’ perspective by
conducting a detailed review of VR applications in
the construction industry. Around this major goal,
the objectives of this study can be summarized to:

= Evaluate key enablers and challengers from
contractors’ perspective

= Identify the main uses of VR by contractors

= Highlight the most widely used VR technology
from contractors

= Analyze main project benefits in relation to the
use of VR

Following sections include background
information of VR history and uses, identification
of VR enablers and challengers for contractors, and
details of case studies such as type of VR
technology used in each case, how VR was used,
and how the technology benefited the company and
the project. Findings and Discussions section will
include discussions related to the top main uses of
VR by contractors.

2. Background

Immersive VR is defined as a computer-generated
system of 3D images or environment that allows a
certain level of interaction in a physical manner
with the help of a Head Mounted Device (HMD),
controllers/gloves with sensors, and a display
screen [8]. VR use has first started with HMD
devices to train fighter pilots [9]. The technology
was found effective for simulation of complex
systems, visualization, fast and slow time
simulation, high levels of interactivity, and inherent
flexibility/adaptability [1]. VR has been
implemented in different platforms ever since. It
has been widely used for training purposes, such as
to enhance worker ability for a particular
construction work [10] and to train crane and
excavator operators with a Building Information
Modeling (BIM) and real-time location tracking
technology in VR [11].

The main reason why training was very popular
in VR applications has been due to the safety
concerns in an actual construction site. Therefore,
many of the related studies have focused on
designing a VR-based system to improve safety and
health in construction projects. As an example, a
social VR system framework was proposed to
perform role-playing, dialogic learning, and social
interaction for construction safety and health
education [12]. Another example was on a VR-
based safety training program for design and
installation of electrical systems [13]. The proposed
platform allowed workers to effectively rehearse
tasks with electrical hazards and ultimately promote
their abilities for electrical hazard cognition and
intervention. Other areas of VR use involved
visualization of construction plans and schedules
[14], communicating and training the project team
[14], as well as construction scheduling and
interactive site experiences [15].

In the overall, VR presents a great potential in
construction industry with its various uses and due
to its capability of providing a realistic and safe
experience in a first-person setting [16]. In order to
fully benefit from its capabilities for contractors, a
detailed analysis of VR key enablers and
challengers in construction is needed. First step in
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this study will be to identify enablers and
challengers from literature.

2.1. Defining enablers and challengers

Enablers of VR implementation in this study can be
defined as benefits and significant project outcomes
of using VR from contractors’ perspective. A list of
enablers is presented below:

1. Improving Communication / Collaboration /
Coordination:

Collaboration in VR was defined as the
communication and coordination between various
stakeholders of the construction project, which
includes designer, contractor, client, and occupants.
Many of the previous studies mentioned how VR
improved collaboration and communication within
and outside the contractor’s team, while enabling
coordination in-between various disciplines to
sustain clash detection (e.g. [17], [18], [19], [20],
[21], [22], [8D).

2. Cost/Time Savings:

The major benefit of any emerging technology for
construction is evaluated based on two main
parameters: cost and time for contractors, as they
need to finish all projects in budget and on time.
Although cost and time savings are also outputs of
other enablers mentioned in this paper, benefits in
terms of project budget and duration were
highlighted in several studies (e.g. [18], [23], [8]).

3. Improving Design Review:

VR has been widely used to show the intended
product to clients and occupants, especially in
hospital and other medical building projects [24].
Previous studies noted how clients change their
preferences in design when they can see the impact
of their decisions in VR [8]. Additionally, design
reviews offer value engineering opportunities to
improve cost savings, while maintaining client
satisfaction for future projects. VR has been
proposed to be an effective tool for design review
and assessment by many other studies in literature
(e.g. [25], [18], [26]).

As a secondary benefit VR offers improved
visualization. Though visualization has been main
concern of Architects and other design parties,

contractors have benefited from improved graphics
to show the construction project to clients and
occupants. With immersive VR and high-end
visualization, clients and occupants are engaged in
the project, which enables the collection of proper
and timely feedback during design reviews.

4. Improving Safety/Training:

Construction projects have benefited from VR for
worker training and safety management, which
were linked to one another in many cases. Effective
training of workers in dangerous conditions such as
operating heavy and medium construction
equipment was practiced many times with the VR
technology due to providing a safe way to educate
project personnel. As an example, an interactive
virtual training model called Safety in construction
using Virtual Reality (SAVR) was developed to
train workers against falls [27]. Another study
focused on tower crane dismantlement and
proposed a multiuser virtual safety training system
(MVSTS) aimed at teaching the correct dismantling
procedure and working location for the process
[28]. Many other studies highlighted the impact of
VR to improve safety at the site (e.g. [29], [23],
[30D).

5. Improving Construction Site Process:

Visual site planning and monitoring has been a
topic of interest for the recent years. A previous
study proposed the use of a computer-based system
for visual planning and created virtual construction
project [31]. Another study aimed to sustain a safe
and efficient site by simulating the layout of
construction site facilities [32]. Simulation of the
construction process to immerse users in a proposed
site plan and alter construction site studies were
recently studied for a studio project [33], which
links the success of immersive VR site planning to
long-term scheduling benefits.

Challengers of VR implementation in this study
can be defined as limitations of the VR tools, as
well as requirements of VR that may prevent
contractors to adopt and implement this emerging
technology. A list of challengers is presented
below:
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1. Preparation of the 3D Model:

VR requires a completed 3D model of the building
for a proper visual immersive experience. Some of
the previous studies used computer-aided design
(CAD) to create 3D models and mentioned the lack
of overlap between CAD and VR skills as a major
challenger to implement VR in the construction
industry [34]. Some others used 4D CAD modeling
(3D model plus time) to be used with advanced
visualization  tools  for  developing and
communicating construction plans [15]. Many of
the other studies have used 3D models created by
BIM software to achieve a virtual environment. For
example, BIM was integrated with 2D images on
job site to understand the most efficient training
styles for safety with the help of hazard training
modules [35]. Another study used a virtual BIM
environment for collaboration for virtual on-site
visits to discuss Heating, Ventilation and Air
Conditioning (HVAC) systems [36]. By storing
different disciplines’ plans and information, BIM
allows many applications along the design and
construction process, including cost-estimation,
energy analysis and production planning [37].
However, with the variety of requirements and
details in creating 3D models, the preparation of the
model itself presents a challenge to perform virtual
walk-throughs in buildings.

2. Lack of Streamlined Software:

Previous studies experimented virtual environment
with various software applications and found
interoperability  issues  [36].  BIM-related
visualization was practiced from many ends, such
as improving quality, construction scheduling and
interactive site experiences [15], cost-estimation,
energy analysis and production planning [37].
Multiple approaches require multiple software
applications, which makes it very challenging to
create streamlined software applications that can be
used by designers, contractors, and other project
parties. Previously, a typical BIM to VR software
workflow was proposed to: (1) To create a 3D
model by using Autodesk Revit, (2) To involve
Autodesk 3DS Max for model optimization and
bake lighting, and (3) To include Unity and

WorldViz for stereoscopic immersive VR
experience [38]. In this example, several steps of
optimization and increased visualization were
performed to make sure complex models were
ready for the virtual world. The length and
complexity of this process is a main challenge for
VR implementation due to requiring multiple
software applications to be used to create a virtual
environment and perform a virtual walk-through.

3. Virtual Model Rendering Issues:

In order to create a virtual equivalent of a real
building project, virtual image qualities should be
sustained with a high quality of graphics and
rendering. Some studies already mentioned that VR
lacked a high degree of realism due to the virtual
model being created with arbitrary geometric and
orientation values [39]. Poorly rendered models
were claimed to prevent VR user’s understanding
of the actual design. Examples have been persistent
especially with cases where CAD is used to created
3D models due to its focus on geometric modeling
rather than presentation of construction elements
[40].

2.2. Types of VR technology

VR technologies can be mainly categorized into
two as: (1) non-immersive (a.k.a. desktop-based
VR and (2) immersive VR. Desktop-based VR is
the easiest technology to adopt due to the low-cost
and training associated with the technology. It only
requires a gaming laptop/PC and is operated on a
desktop screen through the use of a mouse and a
keyboard. There are no tracking devices, sensors, or
goggle associated with this technology [41].

An immersive VR system includes the use of an
HMD or goggles with handheld devices such as
controllers of sensory gloves. User only sees
images in the virtual environment to sustain full
immersion. With the help of a gaming laptop/PC
and projector, user’s view is projected to a TV or
monitor for the whole construction team to be
involved in the virtual walk-through process [42].
As a secondary type of immersive VR, user stands
inside a spatially immersive display (SID).
Although there are various levels of immersion, the
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idea is to create a spatial immersion with graphics
so that the user observes the virtual world as real
[26]. CAVE Automatic Virtual Environment
(CAVE) is a typical example of a SID, where an
immersive virtual environment is created around
the user to embed real-time capabilities [43]. CAVE
uses 4-6 large projection screens in the shape of a
cube, where the user walks into. With the use of a
projector, stereo graphics are projected among the
walls of the cube, so that user only sees these
images and himself/herself to be fully immersed in
the virtual environment [44].

3. Methodology

The methodology starts with identifying
construction companies that use VR effectively
(Fig. 1). Companies were identified through
reliable General Contractor (GC) database such as
Engineering News Record (ENR) and through
previous experience and communications with
construction companies in the area. Companies
were then filtered to include only the ones using any
type of immersive VR technology by briefly
interviewing company professionals and retrieving
information on recent case studies on web sources.

Additionally, companies needed to be filtered once
more depending on the accessibility and availability
of interviewees. The type of VR technology and
equipment used as well as the main VR uses and
benefits for the company/project were identified
through performing a multiple case study approach.
A total of twenty-seven (27) case studies were
evaluated through interviews with eighteen (18)
companies. The VR data was collected and
evaluated over three (3) years of a time-period for
this study.

As it can be observed from Table 1, most of the
case studies were medical buildings such as multi-
service ambulatory care center, university health
center, or hospitals. Remaining cases included
public schools, campus buildings, high-rise
apartments, multi-use buildings, one indoor
trampoline center, one river walkway, and one land
port of entry. The sizes of medical building projects
varied between 100,000SF to 500,000SF, while
other projects varied from 30,000SF to 250,000SF.
In terms of the company properties, among eighteen
(18) companies, eight (8) of them made it to the first
twenty (20) of the ENR’s 2018 Top 400 Contractors
list [45].

Companies known from
committees such as —| VR Technology
Industry Advisor Board Used
"-\__________/
Filter Companies
v using Immersive VR
tee! S
Identify
Lol Sem'i)—zgzrcr:ued - -
Companies using ; - Collect Data ~ | Main Uses of VR
interviews
VR
. . ~—
A Filter Companies
based on Accesibility
ENR's 2018 i
Top 400
Contractors - VR Bet:]'zﬂm for
— Company/Project
‘-\____________/

Fig. 1. VR industry applications methodology
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Table 1. General information about case studies

Case No  Company  Case Study Type VR Technology Type

1 A Medical Building gggl;?eiigtt;/grll—lfgldset mixed with CAVE and
A Medical Building Oculus Rift VR Headset
A School Building HTC Vive VR Headset

4 A Medical Building coocnutIrL(;Si Rift VR Headset and an Xbox remote

5 B Medical Building Oculus Rift VR Headset

6 B Headquarter WorldViz Arch@tecture | _nteractive showroom,

HMDs and motion tracking systems
7 B Medical Building Oculus Rift VR Headset
oo MR oo
construction site

9 D Campus Building Google Cardboard

10 E Indoor Trampoline Center Render 3D with HMDs

11 E Multi-use Building Render 3D with HMDs

12 F Land Port of Entry Roundme VR with 360-degree photos

13 G Multiple Projects :)/rFSIeE;( 360, a VR product to simulate welding

14 H Medical Building Epic Games (Unreal Engine) with VR headset

15 I Medical Building HMDs with Worldviz

16 J Medical Building VR headset combined with an app

17 J Campus Building HoloLens

18 J Campus Building Oculus Rift VR Headset

19 K Medical Building HTC Vive VR Headset

20 K Medical Building HTC Vive VR Headset

21 L Multiple Projects HoloBuilder/Google Cardboard

22 M Medical Building Virtual Reality Imaging with 360-degree photos

23 N River Walkway Oculus Rift VR Headset

24 ] Office building CAVE

25 P Headquarter HTC Vive VR Headset

26 Q Multiple Projects HTC Vive VR Headset

97 R Medical Building HTC Vive Headset, Oculus Rift Headset,

PlayStation VR and OSVR

This list is created based on construction
contracting-specific revenue of companies in the
prior year. Additionally, six (6) of the companies
were recognized in the top ranking of the nation’s
largest  healthcare  sector  contractor and

construction management firms, as reported in the
2017 Giants 300 Report [46], which proves the
considerably large share of these companies in the
overall U.S. construction industry, as well as in the
healthcare construction.
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The interview process included introduction of
the purpose of the study, asking questions about the
specific technology used, main uses of technology
in the project(s), and main benefits of VR to the
company/projects. Interviews were held in a semi-
structured way to allow interviewees to add to
enablers and challengers as they found appropriate
to their company. Following sections will include
interviewees’ responses and basic evaluation of the
collected data.

3.1. Type of VR technology used

The interviewees were asked to evaluate the
effectiveness of the VR technology of their choice
in the company. Some companies practiced
multiple VR technologies depending on the project
type, while others stick to one certain type of VR
tool. The majority of the VR technologies reported
were immersive with two well-known HMDs that
has been used in construction projects for virtual
mock ups and design reviews for the past years.
First one, Oculus Rift VR Headset is one of the
most common VR set, which comes with a headset,
touch controllers, and two sensors to translate the
movement of the headset and controllers to the
virtual environment [47]. Case studies mainly used
Oculus Rift in medical building projects to perform
design reviews and collect feedback from clients
and occupants. A recent study with medical users
stated Oculus Rift to be easy to navigate and
perform consultations in a secure environment with
high image quality [48]. Second mostly stated
HMD technology was HTC Vive VR System,
which was used with a compatible laptop and a TV
as a stereo projector on a screen. HTC Vive brings
in fully immersive first-person experience and
comes with a headset, two-360-degree controllers,
and two base stations to cover user’s movements to
the millimeter, floor-to-ceiling [49]. Hardware is
powered by Steam VR [50] that allows for a room-
scale or standstill virtual exploration. When a 3D
model is created with Autodesk Revit or any other
suitable 3D modeling software, there is an
additional software requirement for 3D models to
be transferred to the VR software [51]. Medical
building projects as well as multi-use projects were

reported to use HTC Vive to present the finished 3D
model and help occupants understand the changes
to the building.

Some companies utilized WorldViz [52], which
offers customized VR experiences by using HMD
devices in a pre-set virtual environment.
ContextVR [53] was another VR technology
mentioned during the interviews, which allows
taking 360-degree photos of construction sites and
storing them in a cloud-based system. Photos are
used to create a virtual environment for design
reviews, as-built documentation, client updates, and
dispute resolution. Some other technologies also
included using 3D virtual imaging to create the
model and an HMD to perform virtual walk-
throughs. HoloBuilder [54] was used to map out the
construction site and understand specific site uses.
CAVE was also used to immerse users in the
planned building model to perform a collaborative
evaluation by several parties simultaneously. The
detailed uses of these VR technologies will be
discussed in the next section.

3.2. Main uses of VR in construction

Interviewees were asked to detail their main uses of
VR technology in the associated company. The
broad list of cases and the uses of VR for each case
are presented in Table 2.

As it can be observed from the data presented,
the results pointed to some common uses, which
can be grouped in four (4) main categories:

(1) Performing design reviews

The majority of the companies performed design
reviews and 3D virtual mockups to enable designer
and non-designer parties to contribute to design
development, so that design could be corrected well
before the construction had started. VR technology
helped occupants to understand the overall design
and planned design changes to the building.
Designer and contractor parties collected feedback
from occupants, which streamlined the occupant-
related decision process. Presenting the finished 3D
model to clients allowed early engagement of
project parties and helped to identify client needs
before any fixed decisions were made. VR aided
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Table 2. Uses of VR in each case study

Case No

Case Study Type

Main Use of VR

1

10

11

12

13

14

15

16

Medical Building

Medical Building

School Building

Medical Building
Medical Building

Headquarter

Medical Building

High Rise Apartment

Building

Campus Building
Indoor Trampoline
Center

Multi-use Building

Land Port of Entry

Multiple Projects
Medical Building

Medical Building

Medical Building

Perform design reviews

Perform virtual mockups in 3D

Help occupants understand the changes to the building
Collect feedback from occupants

Monitor construction process
Identify client needs

Present the finished 3D model
Help occupants understand the changes to the building
Collect feedback from occupants

Perform project coordination

Perform design reviews

Perform virtual mockups in 3D

Help occupants understand the changes to the building
Collect feedback from occupants

Perform design reviews
Use rapid prototyping to streamline design changes

Present the finished 3D model of the project
Help occupants understand the changes to the building
Collect feedback from occupants

Keep records of the project on mobile devices
Monitor management and safety on the site
Photograph and see different parts of the project
Share virtual information with stakeholders

Perform occupant reviews
Collect feedback from occupants

Perform virtual mockups in 3D
Have real time visualization of the projects

Perform virtual mockups in 3D
Have real time visualization of the projects

Perform security analysis

Perform design reviews

Help occupants understand the changes to the building
Collect feedback from occupants

Effectively train welders
Monitor inexperienced welders on their skill and performance

Perform occupant reviews
Collect feedback from occupants

Perform virtual mockups in 3D

Perform occupant reviews

Collect feedback from occupants

Improve fit of expensive equipment (such as MRI equipment)

Map out the entire construction process
Perform design reviews
Decrease change orders
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Table 2. Cont’d

Analyze crane placement during steel erection

Perform project coordination
Combine BIM with laser scanning using drones to foresee

Perform virtual mockups in 3D

Collect feedback from occupants

Perform virtual mockups in 3D

Collect feedback from occupants

Manage and train safety procedures before construction

Perform virtual mockups in 3D

Collect feedback from occupants

Perform design review for steel piers

Perform virtual mockups on how to assemble the steel structure

Perform site design reviews

Collect feedback from occupants

Collect feedback from occupants
Simulate every light beam from the sun into the building for every
hour of the day for every single day of the year

Perform efficient MEP pipe routing

17 Campus Building Perform design reviews
Decrease change orders
18 Campus Building
conflicts
19 Medical Building
Perform occupant reviews
20 Medical Building
Perform occupant reviews
21 Multiple Projects Map out the site
Integrate safety practices
22 Medical Building
23 River Walkway
24 Office building
25 Headquarter Perform design review
26 Multiple Projects Perform design review
27 Medical Building

Perform virtual mockups in 3D

Perform occupant reviews
Collect feedback from occupants

designers and contractors with the placement of not
only critical but also not critical items from small
objects like beds to large equipment like MRI
machines. Interviewees stated that the use of VR
headsets with the BIM technology allowed doctors
and nurses to experience complete immersion and
move objects around in the room to the exact
location required. Feedback collected from doctors
and nurses was also very accurate and helpful
leading to easy fixes in VR that can be transferred
back to BIM. In several medical buildings, the VR
mockup cost was reported to be less than 15% of
the proposed physical mockup. The entire process
of conducting early design reviews with VR was

mentioned to decrease change orders and save time
for all involved parties.

(2) Performing project coordination

In relation to design reviews, finished 3D models of
the building at the design phase were used to sustain
communication and collaboration among parties.
GC hold the responsibility to make sure designs
from architect and structural, mechanical, and
electrical engineers should fit and work well in the
whole building system. Although clash detection
can be performed with some software applications
such as Revit and Navisworks, having a virtual
walk-through around the building allowed to find
the missing clashes and negotiate on how to fix
interferences at the spot with various parties.



57

Ozcan-Deniz

Lengthy future paperwork was avoided with the
help of BIM-based VR technology.

(3) Monitoring the construction process

A portion of interviewees reported the use of VR to
map out the construction site. This process enabled
the integration of safety practices and managing
safety procedures before the actual construction.
When this process was utilized by a cloud-based
app, it enabled crowdsourcing site-related essential
information to all stakeholders. VR aid in
construction site planning not only engaged
stakeholders, but also improved safety in the overall
construction site due to creating a complete
understanding of specific site conditions and
dangerous areas beforehand. In a specific case, VR
was used to analyze crane placement and avoid
conflicts during steel erection. The technology
minimized the site logistics risk that was reported
due to tower crane risk, as tower crane was to be
mantled and operated while keeping student and
food services running at a campus project site.

(4) Training

VR technology was effectively used for training in
certain case studies. The cases where actually
training specific trades at the side was extremely
dangerous, VR technology was used to train and
monitor inexperienced workers. Welding was one
of the popular trades that benefited from the safe
VR environment for learning and practice purposes.
Welding trade has been necessary for all types of
construction projects, yet it was also a skill that has
been extremely challenging to teach, due to the
danger of the equipment used and the leveling
heights associated with different types of projects
such as high-rise buildings. The simulator created
based on the VR technology allowed workers to get
a good idea of pressure, timing, and application of
work sets without any risk being involved. The VR
training simulator was reported to cut the costs of
training new workers dramatically and as being the
most realistic VR simulator on the market built for
this specific use.

3.3. VR benefits for the company/project

VR benefits for twenty-seven (27) case studies and

eighteen (18) companies interviewed are presented
in Table 3. As it can be observed from the presented
data, VR uses by GC companies are in line with the
enablers identified in this study. The majority of
companies reported direct benefits in ‘Lowering
Costs and Optimizing Construction Schedules’,
while others have had indirect benefits on the cost
and duration of the project due to improved
visualization and enhanced collaboration and
communication among project participants
throughout the project. More than half of the
projects used VR for ‘Improving Design Review’
and tailored each of its customer’s VR experience
specific to their needs. VR aid in design reviews
was reported to shorten design time and help
companies to save money and time throughout the
construction project. Additionally, ‘Improving
Communication/Collaboration/Coordination’  has
been stated as one of the enablers from literature
review and ranked as second as a major VR benefit
for GC companies by the interviewees. Improved
collaboration was stated due to engaging clients and
occupants in early stages of the project, which
enables to change or correct design in pre-
construction stages of the project. The collaborative
VR review process streamlines occupant-related
decision process, while improving customer
satisfaction. It was interesting to see that several
interviewees mentioned one of the benefits of using
VR technology was to set the company apart from
their competitors. Companies aimed to attract more
customers and sustain future relationships with the
current customers with the help of using this
emerging technology throughout the project design
reviews. As VR supplied a protected virtual
environment, it gave opportunities to plan and train
for specific and traditionally dangerous job tasks at
the site. The overall planning of the construction
site for critical equipment such as cranes were
performed with VR by some companies. These
companies emphasized ‘Improving Safety /[
Training” and ‘Improving Construction Site
Process’ as main uses of VR in their areas of
operation. A numerical analysis on VR enablers
based on interviewees’ responses will be presented
in the Findings and Discussions section.
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Table 3. Reported VR benefits from case studies

Case No Company Case Study Type

VR Benefits

1 A Medical Building

Medical Building

School Building

Medical Building

Medical Building

Headquarter

Medical Building

High Rise Apartment
Building

Campus Building

10 E Indoor Trampoline

Center

E Multi-use Building

11 F Land Port of Entry

Lower costs

Optimize schedules

Engage occupants

Collect proper and timely feedback
Streamline occupant-related decision process
Correct design before the construction starts

Identify new uses and services to clients
Engage client for future work

Lower costs

Optimize schedules

Engage occupants

Collect proper and timely feedback

Aid in budgeting

Improve workflow

Resolve field conflicts

Correct design before the construction starts
Allow for quality control

Lower costs

Optimize schedules

Engage occupants

Collect proper and timely feedback

Correct design before the construction starts

Tailor each of its customers VR experience specific to their needs
Correct design before the construction starts

Lower costs

Optimize schedules

Engage occupants

Collect proper and timely feedback

Use portable VR to enable working around the staff work schedule
Correct design before the construction starts

Easy to access for the stakeholders
Optimize schedules

Aid in construction site planning
Improve safety

Engage stakeholders

Collect proper and timely feedback

Engage stakeholders

Collect proper and timely feedback
Crowdsource information essentially
Improve safety

Enhance communication

Lower costs

Optimize schedules

Set the company apart from their competitors

Enhance collaboration and communication throughout the project
Increase safety

Improve visualization

Lower costs

Optimize schedules

Enhance collaboration and communication throughout the project
Improve safety

Improve visualization

Lower costs

Optimize schedules

Lower costs

Optimize schedules

Improve safety

Aid in design reviews

Engage stakeholders

Collect proper and timely feedback
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Table 3. Cont’d

12 G Multiple Projects Provide a safe and effective way to train welders/trades without
exposing the trainees to the possible inherent dangers
Improve safety

13 H Medical Building Lower costs
Optimize schedules
Aid in design reviews
Engage stakeholders
Collect proper and timely feedback

14 | Medical Building Lower costs
Optimize schedules
Aid in design reviews
Enhance collaboration and communication between designer and user
Adjust spatial dimensioning on fixed equipment
Make changes to fixed equipment before construction

15 J Medical Building Lower costs
Optimize schedules
Aid in design reviews

16 J Campus Building Lower costs
Improve safety
Create a cloud-based system for information sharing

17 J Campus Building Minimize site logistics risk and tower crane risk
Enable student-related services running during the project
Enhance collaboration and communication
Lower costs
Improve safety

18 K Medical Building Improve customer satisfaction
Enable faster decision making
Lower costs
Improve design productivity
Decrease re-work

19 K Medical Building Lower costs
Optimize schedules
Shorten design time
Aid in design reviews

20 L Multiple Projects Allow a complete understanding of specific site conditions and
dangerous areas
Improve safety

21 M Medical Building Collect proper and timely feedback
Correct design before the construction starts
Increase visualization
Improve customer satisfaction
22 N River Walkway Increase visualization
Lower costs
Optimize schedules
Decrease re-work
23 6] Office building Shorten design time
Increase design efficiency
Enhance collaboration and communication
24 P Headquarter Improve workflow integration
Decrease time of rendering
Increase design efficiency
Enhance collaboration and communication
25 Q Multiple Projects Improve customer satisfaction
Prevent clashes
Improve fabrication
26 R Medical Building Collect proper and timely feedback
Correct design before the construction starts
Increase visualization
Improve customer satisfaction
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4. Findings and discussions

4.1. Discussion of main uses of VR

The distribution of these four main uses among
twenty-seven (27) case studies are presented in Fig.
2. The largest category is performing design
reviews with more than half of the case studies
reporting repeated use of immersive VR for
occupant reviews, presenting the finished 3D model
to clients and occupants, helping occupants
understand the changes to the building, and
collecting timely feedback from occupants for
general as well as sensitive situations. With the
abundance of medical buildings in the data set,
performing BIM mockups in 3D and analyzing
situations such as design fit to the desired
functionality of the new space and improved fit of
expensive equipment such as MRI equipment
highlights the importance of having VR technology
in hand. Monitoring the construction process comes
as the second largest with one quarter of cases using
VR for mapping out the entire construction process,
analyzing placement of large equipment like cranes,
and integrating safety practices while planning site
logistics. Performing project coordination is third in
the list, which is very surprising due to the fact that
GC companies occasionally deal with various
building systems and checking their interferences.
In this data set, some cases used VR for MEP
fittings and clash detection, but it was not majorly
used in other projects. One reason of this was
reported to be the requirement of a completed 3D
model/BIM to be able to analyze clashes related to
MEP systems.

60.00%

55.56%
50.00%
40.00%

30.00% 25.93%

20.00% 14.81%

10.00% ﬂl

0.00%

PERFORM DESIGN PERFORM MONITORING TRAINING
REVIEWS PROJECT THE
COORDINATION CONSTRUCTION
PROCESS

Fig. 2. Percent Distribution of Various VR Uses

This statement is also in line with the challenges
identified as ‘“Preparation of the 3D Model” and
“Lack of Streamlined Software”. When the
subcontractors do not use Revit or any other BIM
software, it is not possible to have a complete 3D
model. Even if they use some type of BIM software,
a common software needs to be identified to keep
the flow of information within BIM and from BIM
to the VR system. Without a unified 3D building
model with all systems, VR walk-throughs for
project coordination cannot be performed
successfully. Many of the interviewees stated the
lack of common software platforms to hinder the
adaptation and use of VR technology for certain
projects. The fourth use was using VR for training.
Although many subcontractors prefer to train
workers with VR for a specific task or skill, it was
not common around the GC companies
interviewed.

4.2. Discussion of VR benefits and enablers

A quantitative analysis of the VR enablers was
performed by using the collected data. Acording to
the Fig. 3, around 81% of the respondents agreed
that the use of immersive VR technology during
their  projects  improved communication,
collaboration, and/or coordination among project
stakeholders. Engagement of occupants and clients
at the early stages of the project increased design
efficiency and enabled parties to correct the design
before the construction starts. Design review
benefits resulted in more valuable and long-term
benefits such as improving customer satisfaction
and engaging clients for future work. Though client
engagement and sustainability were not one of the
main goals of implementing VR, the adaptation of
the VR process ended up attracting more customers.

93% of the projects directly reported cost and
time savings, while the rest documented cost and
time savings as secondary benefits to improving
safety and/or construction site process. 85% of the
case studies ranked improving design review as one
of the most important enablers due to its ability to
streamline the occupant-related decision process
and prevent design changes during construction and
occupancy. Aid in design review yielded in lower
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costs in all cases due to two reasons: (1) decreased
change orders and (2) VR mockup costing around
15% less than a proposed physical mockup. The
overall design review process enabled GC parties to
collect proper and timely feedback and coordinate
with design parties to correct design before the
construction starts. In some cases, virtual walk-
throughs yielded more than 35 suggested changes,
which were corrected during the pre-construction
phase. The popularity of VR for design reviews
rooted in its improved visualization as well as
offering easy to access for the stakeholders. After
its set up, VR learning curve was reported to be
fairly quick that clients and occupants of the
building such as doctors and nurses could easily use
the immersive VR system. Although not as highly
ranked as improving design reviews, improving
safety/training was ranked at 33% by the
interviewees. VR technology provided a safe and
effective way to train workers for potentially
dangerous situations. Improving safety was not
only linked to safe training opportunities, but also
linked to improving construction site process as an
enabler. Improving construction site process was
ranked around 7% in terms of VR use in the case
studies. Through it seems as a lower ranking, VR
technology helped to understand specific site
conditions and prevent site logistics risks.

4.3. SWOT analysis for VR implementation

Strengths, Weaknesses, Opportunities, and Threats
(SWOT) analysis has been traditionally used to
identify strengths and weaknesses related to a topic
that are internal to a person or company, so that they
will learn items that they have control over.

IMPROVING CONSTRUCTION SITE PROCESS
IMPROVING SAFETY/TRAINING
IMPROVING DESIGN REVIEW
COST/TIME SAVINGS

IMPROVING

COMMUNICATION/COLLABORATION/COOR
DINATION ] ‘

0% 20% 40% 60% 80%  100%

Fig. 3. Rating of enablers from case studies

On the other hand, opportunities and threads are
identified as external items that have potential to
improve or worsen the situation and that are outside
the control of the person or company. Companies
can plan to benefit from opportunities and protect
themselves from threats for possible future
scenarios. In this study, SWOT analysis is used to
guide construction companies to successfully
implement the VR technology. Considering the
main uses of VR and benefits and enablers from
construction companies perspectives, strengths,
weaknesses, opportunities, and threats are
identified in Fig. 4.

Companies that would like to implement
immersive VR will benefit from improved design
reviews and customer relationships due to the
ability to streamlining the design process and
correcting design before starting the construction
process. This would decrease the number of change
orders tremendously and give companies the
opportunity to save time and cost. Therefore,
implementing VR technology is worthy of its value.
However, companies new to VR should be careful
in creating the 3D BIM model and making sure all
stakeholders are using common or related software
applications. The success of the virtual walk-
throughs depends mainly on the virtual
environment created. The 3D virtual building
environment should be created in detail. This
process requires companies personnel to have VR
training. Additionally, related personnel should
keep themselves up to date with emerging VR
technologies. The first cost of hardware and
software applications and training of personnel may
seem high for small-size companies, however long-
term benefits on large construction projects would
pay off companies’ investment on VR.

Considering the results of this study, a VR
Implementation Framework for Construction
Companies is suggested in Fig. 5. Companies are
suggested to set a main goal and use of VR before
considering virtual walk-throughs in construction
projects. The main uses of VR were mentioned in
this study. As an example, if the main use is to
perform design reviews with clients or occupants, a
suitable immersive VR technology should be
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Improved communication
Improved project coordination
Successful clash detection
3D virtual mock-ups

* Requirement of a high-end 3D
building model

+ Lack of streamlined software

+ Rendering issues

+ Improved design reviews
+ Improved visualization
+ Providing a safe training

Threats

« Cost savings + Requirement of VR skills/training
« Time savings « All subcontractors may not be using
+ Streamlining occupant-related BIM
decision process * VR system's first and operational
+ Correcting design before the costs
construction starts
= Improved collaboration with clients

Fig. 4. SWOT analysis of VR implementation

Define the main goal of
VR implementation
(e.g. design reviews)

Identify suitable VR
resources
(hardwareé&software)

Update the 3D virtual
model and repeat as
necessary

Embed feedback in the
next version of virtual
walk-through and
review the 3D virtual
model

Review
weaknessesé&threats
and identify probable

issues

Collect input from users
and evaluate
effectiveness

Evaluate the company's
and related parties'
VR knowledge

Implement virtual
walk-throughs for the
specific purpose (e.g.

design reviews)

Perform VR training

l

Create a 3D BIM model

Fig. 5. VR implementation framework for construction companies
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selected. VR equipment should be set at a location
that is convenient for all parties. SWOT analysis
performed in this study will help new practitioners
to have potential issues in hand in a generic fashion.
Users should evaluate company’s and other parties
VR knowledge and train parties as necessary to ease
the use of this technology and prevent potential
issues. After all parties are ready, 3D building
model should be created with the goal of VR in
mind. Virtual walk-throughs should be performed
several times to collect input from users and revise
the 3D model. The iterative process will allow to
improve the 3D model and the virtual walk-through
process.

5. Conclusions

The current practice of VR allows various benefits
to construction practitioners through virtual walk-
throughs in different stages of the construction
projects. A total of eighteen (18) companies were
interviewed in this study to collect VR-related
construction industry data in twenty-seven (27)
case studies. Participants were asked about their use
of the VR technology and about the enablers and
challengers of VR as defined in this research.
Findings revealed the main uses of VR as for: (1)
Design reviews for clients and occupants, (2)
Project coordination, (3) Monitoring the
construction process, and (4) Training. More than
half of the cases reported to use VR to aid design
reviews, engage clients and occupants, and collect
timely feedback to change design before the
construction starts. Major benefits and enablers for
GC companies were identified as Improving
Communication/Collaboration/Coordination’,

‘Cost/Time Savings’, ‘Improving Design Review’,
Improving Safety/Training’, and ‘Improving
Construction Site Process’. Both literature review
and the analysis of data emphasized the positive
impact of virtual walk-throughs on decreasing cost
and improving schedule as the most important
benefit for GC companies. Direct of indirect cost
savings were achieved by streamlining the design
process and improving communications with the
project stakeholders. Following cost/time savings,
improving design reviews was second and

improving collaboration / communication /
coordination was third in the list of enablers.
Improving  safety/training and  improving
construction process was ranked as the least
common enablers of VR for GC companies. It can
be concluded that the majority of the GC companies
adopt VR technology to decrease design changes
and consequently change orders, which has been
the major source of delays in all types of
construction projects. Specifically, medical projects
employed VR to understand specific occupant
needs and preferences. As medical buildings
require unique features and installation of fixed
equipment, it makes VR a necessity to fulfill the
needs of the client and occupants simultaneously.

The most widely used VR technology was
found to be HMDs with HTC Vive and Oculus Rift
to be the two most widely used VR systems. Both
systems are fully immersive and allows users to
immersive in a virtual environment. As both
systems are based on traditional gaming platform,
their learning curve is considerably short, and they
include tutorials for first-time users such as building
occupants. With the improved visualization, users
can markup design changes and even in some cases
occupants can move objects in the virtual
environment. A good example of this is nurses and
doctors moving the location of items in a surgery
room. Some companies used CAVE system as
designated virtual environment, while some others
created a virtual environment through 360-degree
photos. In the overall, all GC companies
interviewed during this study has been using one or
the other type of an immersive VR system with a
3D virtual model.

The majority of the companies used a 3D model
as a virtual environment that was created by a BIM-
based modeling process. Although BIM is widely
used in the industry, linking 3D models to VR
systems has not been standardized yet. One issue
has been the creation of a proper 3D model, as
creating the model by various stakeholders up to the
required level of development is the first step to
start VR implementation. Virtual walk-throughs
cannot be performed without a detailed 3D model,
which is one property that distinguishes VR from
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Augmented Reality (AR). AR uses a real
environment with some additions vs. VR required a
complete 3D virtual environment to immerse its
users. As the next challenger, even with a complete
and detailed 3D model created by BIM, the
information in the BIM software needs to go
through several steps to be transferred to the VR
software. HMDs like HTC Vive and Oculus Rift
come with their own VR software applications, but
the transfer of a 3D/Revit model to the VR software
requires additional software applications. That
would bring a small-size company additional cost
to buy and maintain software licenses, and also train
personnel on the use of VR. One other challenger
that came up during the interviews but was not
stated in the literature was the requirement to
constantly improve the VR knowledge. Even if GC
companies have had a set VR system with all
personnel, hardware, and software requirements,
the VR specialist needs to be kept updated with the
technology and equipment due to the fast and
continuous evolvement of the VR systems. In
addition to the monetary requirements, keeping up
with the evolving technology is also a challenge for
relatively small GC companies. It was observed that
medium to large-sized GC companies have
streamlined the use of the VR process for design
reviews to receive added benefits of cost, schedule,
collaboration and safety.

This study also revealed the major business
drivers for GC companies to adopt VR technology.
Understanding client needs in the early stages of the
project and involving them in the design decision-
making resulted in improved customer satisfaction.
Engaging clients for future work and setting the
company apart from competitors have become main
drivers of using VR for the majority of the
companies.

This paper revealed the most frequently used
VR technology, VR benefits, and VR main uses
from GC companies’ point of view. Results showed
the companies’ continued investment and
commitment to the emerging VR technology, as
well as its benefits in the construction industry. As
one of the limitations, all data was collected from
U.S. GC companies and projects. Same

methodology can be applied to international
projects to evaluate VR main uses, benefits,
enablers and challengers in different companies. As
this paper presented reviews of industry
practitioners, future studies are planned to compare
applications of VR in academia vs. in construction
industry to close the gap of knowledge between
educators and practitioners. Due to the requirement
and importance of VR training, it would be
tremendously beneficial to train future CM
graduates with this valuable technology, so that
they would contribute to GC companies in their VR
applications.
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